Introduction
Autophagy refers to any cellular degradative pathway that involves the delivery of cytoplasmic cargo to the lysosome. Three forms of autophagy have been identified so far: chaperone-mediated autophagy, microautophagy, and macroautophagy that differ with respect to their physiological functions and the mode of cargo delivery to the lysosome. Chaperone-mediated autophagy involves the direct translocation of cytosolic proteins across the lysosomal membrane, which requires protein unfolding by chaperone proteins. Microautophagy involves inward invagination of lysosomal membrane, which delivers a small portion of cytoplasm into the lysosomal lumen. Macroautophagy (simply referred to as autophagy hereafter), is the major regulated catabolic mechanism that eukaryotic cells use to degrade long-lived proteins and organelles. This form of autophagy involves the delivery of cytoplasmic cargo sequestered inside double-membrane vesicles to the lysosome. Initial steps include the formation (vesicle nucleation) and expansion (vesicle elongation) of an isolation membrane, which is also called a phagophore. Then, the edges of the phagophore fuse (vesicle completion) to form the autophagosome, a double-membraned vesicle that sequesters the cytoplasmic material. This is followed by fusion of the autophagosome with a lysosome to form an autolysosome where the captured material, together with the inner membrane, is degraded (37, 46) . Autophagy occurs at low basal levels in virtually all cells to perform homeostatic functions such as protein and organelle turnover. It is rapidly upregulated when cells need generation of intracellular nutrients and energy, for example during starvation, growth factor withdrawal or high bioenergetic demand. Autophagy is also upregulated when cells are preparing for structural remodeling such as during developmental transitions or to rid themselves of damaging cytoplasmic components, such as during oxidative stress, infection or protein aggregate accumulation. Nutritional status, hormonal factors and other parameters such as temperature, oxygen concentration and cell density are important in the control of autophagy.
One of the key regulators of autophagy is the target of rapamycin, TOR kinase (TOR in yeast, mTOR in mammalian cells), which is the major inhibitory signal that shuts off autophagy in the presence of growth factors and abundant nutrients. The class I PI3K/Akt signaling molecules link receptor tyrosine kinases to TOR activation and thereby repress autophagy in response to insulin-like and other growth factor signals. Some of the other regulatory molecules that control autophagy include 5'-AMP-activated protein kinase (AMPK), which responds to energy depletion, the eukaryotic initiation factor 2α (eIF2α), which responds to nutrient starvation, double-stranded RNA and endoplasmic reticulum (ER) stress, BH3-only proteins that contain a Bcl-2 homology-3 (BH3) domain which disrupt Bcl-2/Bcl-XL complex; the tumor suppressor protein p53, death-associated protein kinases (DAPk), the ER-membrane-associated protein Ire-1, the stress-activated kinase c-Jun-N-terminal kinase, the inositoltrisphosphate (IP3) receptor (IP3R), GTPases, Erk1/2, ceramide and calcium (3, 24, 30) .
In yeast, more than 30 genes downstream from the TOR kinase (known as the ATG genes) encode proteins (many of which are conserved in evolution) that are essential for the execution of autophagy.
These include a protein serine/threonine kinase complex that responds to upstream signals such as TOR kinase (Atg1, Atg13, Atg17), a lipid kinase signaling complex that mediates vesicle nucleation (Atg6, Atg14, Vps34 and Vps15), two ubiquitin-like conjugation pathways that mediate vesicle expansion (the Atg8 and Atg12 systems), a recycling pathway that mediates the disassembly of Atg proteins from mature autophagosomes (Atg2, Atg9, Atg18) and vacuolar permeases that permit the efflux of amino acids from the degradative compartment (Atg22). In mammals, proteins that act more generally in lysosomal function are required for proper fusion with autophagosomes, such as the lysosomal transmembrane proteins, LAMP-2 and CLN3, and for the degradation of autophagosomal contents, such as the lysosomal cysteine proteases, cathepsins B, D and L (2, 49).
The identification of signals that regulate autophagy and of genes that execute autophagy has facilitated detection and manipulation of the autophagy pathway. Phosphatidylethanolamine (PE) conjugation of yeast Atg8 or mammalian LC3 during autophagy results in a nonsoluble form of Atg8 (Atg8-PE) or LC3 (LC3-II) that stably associates with the autophagosomal membrane. Consequently, autophagy can be detected biochemically, by assessing the generation of Atg8-PE or LC3-II, or microscopically, by observing the localization pattern of fluorescently tagged Atg8 or LC3 (see below). These approaches must be coupled with additional measures to discriminate between two physiologically distinct scenarios, increased autophagic flux without impairment in autophagic turnover versus impaired clearance of autophagosomes, which results in a functional defect in autophagic catabolism and can lead to their accumulation (16, 22, 39) .
Autophagy can be pharmacologically induced by inhibiting negative regulators, such as TOR with rapamycin, the antiapoptotic proteins Bcl-2 and Bcl-XL which bind to the mammalian ortholog of yeast Atg6, Beclin 1, with ABT-737, IP3R with xestospongin B, which raises the level of the IP3R antagonist, or lithium, a molecule that decreases IP3 activity. Autophagy can be pharmacologically inhibited by targeting the class III PI3K involved in autophagosome formation with 3-methyladenine (42) , by targeting the fusion of autophagosomes with lysosomes using vimblastine or by the inhibition of lysosomal hydrolases using inhibitors of the lysosomal proton pump such as bafilomycin A1 or lysosomotropic alkalines such as chloroquine and 3-hydroxychloroquine (21, 43, 47) . It should be noted that all of these pharmacological agents lack specificity for the autophagy pathway. Therefore, although some of these agents such as rapamycin, lithium and chloroquine are clinically available and may be helpful for treating diseases associated with autophagy deregulation, genetic approaches to inhibiting autophagy, for example the knockout of ATG genes by homologous recombination or their knockdown by small interfering RNA (siRNA), have yielded more conclusive information about the biologic roles of autophagy in health and disease.
Under physiological conditions, autophagy has a number of vital roles such as maintaining the amino acid pool during starvation, preimplantation development, prevention of neurodegeneration, antiaging, tumor suppression, clearance of intracellular microbes and regulation of innate and adaptive immunity. The best inducer of autophagy is nutrient starvation, both in cultured cells and in intact organisms, ranging from yeast to mammals. Besides starvation, autophagy can also be activated by other physiological stress stimuli (e.g., hypoxia, energy depletion, endoplasmic reticulum stress, high temperature and highdensity conditions), hormonal stimulation, pharmacological agents (e.g., rapamycin and other compounds listed below), innate immune signals and in diseases such as bacterial, viral, and parasitic infections, protein aggregopathies, heart disease and acute pancreatitis. Conversely, autophagy suppression is also often associated with certain diseases, including a subset of cancers, neurodegenerative disorders, infectious diseases and inflammatory bowel disorders, and a decline in autophagy function is a common feature of aging.
The molecular cascade that regulates and executes autophagy has been the subject of recent, comprehensive reviews (11, 18, 20, 23, 25-27, 31-36, 41, 44, 45, 48) Helin et al. (12) provided the first morphologic evidence of autophagy in human pancreatitis.
Autophagy in the pancreas
Actually, it is one of the earliest descriptions of autophagy in a pathological processes. Autophagy was first identified in mammalian liver upon glucagon treatment approximately 50 years ago, but its molecular understanding started only in the past decade, largely based on the discovery of autophagy-related (ATG) genes. Among the Atg proteins, one subset is essential for autophagosome formation in mammalian tissue, and is referred to as the "core" molecular machinery (14) . These core Atg proteins are composed of four subgroups: first, the Atg1/unc-51-like kinase (ULK) complex; second, two ubiquitin-like protein (Atg12 and Atg8/LC3) conjugation systems; third, the class III phosphatidylinositol 3-kinase (PtdIns3K)/Vps34 complex I; and fourth, two transmembrane proteins, Atg9/mAtg9 and VMP1. Mammalian Atg9 (mAtg9) and vacuole membrane protein 1 (VMP1) (40) are two transmembrane proteins so far identified that are required for mammalian autophagy. In contrast to mAtg9, VMP1, which was described in pancreas during experimental acute pancreatitis, has no known homolog in yeast (4) . Actually, autophagosomes labeled by the VMP1-LC3 colocalization technique were reported in pancreatic tissue from rats with acute pancreatitis (40) . The current knowledge has led to the proposal that autophagy is involved in the pathogenia of acute pancreatitis. However, several mechanisms were proposed to explain its role. For instance, Hashimoto et al. (10) showed that acute pancreatitis was not observed in conditional knockout mice lacking the autophagyrelated 5 gene in acinar cells suggesting that an excess in autophagy induces pancreatitis. On the other hand, using a rat model of acute pancreatitis induced by chronic alcohol intake and acute endotoxemia, Fotunato et al (6) reported the accumulation of autophagosomes without an increase in autolysosomes, coupled to the depletion of LAMP-2, a lysosomal protein required for the proper fusion of autophagosomes with lysosomes. Finally, Mareninova et al. proposed that autophagy is retarded in pancreatitis due to deficient lysosomal degradation caused by impaired cathepsin processing (28) . Autophagy is also involved in Diabtes mellitus. Moreover, an active role was proposed for autophagy in the pathophysiology of diabetes mellitus since an increase in the number of dead β-cells in diabetic islets compared to non-diabetic cases was recently observed in pancreatic samples from individuals with type 2 diabetes (29) . Autophagy and VMP1 expression were found in pancreatic beta cells during experimental diabetes (9) . Finally, autophagy-related phenotypic changes have been described in pancreatic tumor cells. Pancreatic tumor cells activate autophagy in response to microenvironment changes associated with cancer, such as hypoxia and low nutrient supply. Autophagic features are reported in peripheral areas of surgically resected pancreatic cancers (7) . Moreover, up-regulation of autophagy favors survival of pancreatic cancer cells in tumor-associated inflammation. Overexpression of RAGE is associated with enhanced autophagy, decreased apoptosis and increased pancreatic cancer cell viability (15) . On the other hand, repression of autophagy-mediated cell death enhances tumor cell survival and explains in part pancreatic cancer resistance to treatments (1) . Finally, autophagy is a mechanism of tumor cell death in response to chemotherapeutic drugs and several agents such as Cardiac Glycosides (5), gemcitabine (38) and Sorafenib (50) exert their effect at least in part through promotion of autophagy. These observations point at autophagy induction as a promising tool for pancreatic cancer therapy.
Methods
During the last years there has been a burst of research on autophagy. A common misconception that must be taken into account is that an increased number of autophagosomes in cells corresponds to increased cellular autophagic activity. Given that the autophagosome is an intermediate structure in a dynamic pathway, the number of autophagosomes observed at any specific time point is a function of the balance between the rate of their generation and the rate of their conversion into autolysosomes. Thus, autophagosome accumulation may represent either autophagy induction or, alternatively, suppression of steps in the autophagy pathway downstream from autophagosome formation. If any step upstream of autophagosome formation is blocked, the number of all autophagic structures is decreased. In contrast, the blockade of any step downstream of autophagosome formation increases the number of autophagosomes while decreasing the number of autolysosomes. Therefore, the mere determination of autophagosome number is insufficient for an overall estimation of autophagic activity. Rather, different methods often need to be used in concert to distinguish between basal levels of autophagy, induction of autophagy and suppression of upstream or downstream steps of autophagy. The term "autophagic flux" is used to denote the dynamic process of autophagosome synthesis, delivery of autophagic substrates to the lysosome and degradation of autophagic substrates inside the lysosome . Itis a more reliable indicator of autophagic activity than counting autophagosomes. In the following sections, we will discuss different methods for monitoring the number of autophagosomes and for monitoring the "autophagic flux" in pancreatic cells as well as in other cell types.
Quantifying the number of autophagosomes
Three methods are currently used to quantify the number of autophagosomes: a) electron microscopy, b) subcellular localization of LC3, and c) detection of processed LC3.
1a. Electron microscopy
The most traditional method of counting is electron microscopy. At the ultrastructural level, an autophagosome is defined as a doublemembraned structure containing undigested cytoplasmic contents, which has not fused with a lysosome. Autophagosomes often enclose intracellular organelles such as mitochondria and fragments of the ER. As this definition is straightforward, it is usually easy to identify autophagosomes, or at least those organelles that envelop cellular contents. In contrast to an autophagosome containing cellular cargo (which is generally easy to identify), the distinction of autolysosomes from other cellular membranous compartments is frequently more complicated. The autolysosome is a hybrid organelle generated by the fusion of an autophagosome and a lysosome, which has a single limiting membrane and contains cytoplasmic materials at various stages of degradation. At early stages, the inside materials can be recognized as having originated from cytoplasm. However, if degradation proceeds too far, it is not easy to determine whether the inside materials are of intracellular origin.
1b. Subcellular localization of LC3
The assessment of autophagosome number by electron microscopy is expensive, time consuming and requires considerable specialized expertise. It is becoming increasingly replaced by light microscopic analysis and biochemical methods that are more widely accessible to researchers in different fields. The mammalian autophagy protein, LC3, is a marker of autophagosomes. Among the four LC3 isoforms, LC3B is most widely used. After its synthesis, nascent LC3 is processed at its C terminus by Atg4 and becomes LC3-I, which has a glycine residue at the Cterminal end. LC3-I is subsequently conjugated with phosphatidylethanolamine to become LC3-II (LC3-PE) by a ubiquitination-like enzymatic reaction. In contrast to the cytoplasmic localization of LC3-I, LC3-II associates with both the outer and inner membranes of the autophagosome. After fusion with the lysosome, LC3 on the outer membrane is cleaved off by Atg4 and LC3 on the inner membrane is degraded by lysosomal enzymes, resulting in very low LC3 content in the autolysosome. Thus, endogenous LC3 or GFP-LC3 (GFP-LC3 plasmid can be obtained at http://www.addgene.org) is visualized by fluorescence microscopy either as a diffuse cytoplasmic pool or as punctate structures that primarily represent autophagosomes (see Figure  1) . Although the number of punctate LC3 or GFP-LC3 structures per cell is usually an accurate measure of autophagosome number, this assay has some potential experimental pitfalls. First, there is potential for subjectivity, and a uniform approach needs to be established and applied by the investigator, both with respect to the method of quantitation and the criteria for defining a "punct". Although the number of puncta is markedly increased after autophagy induction, small numbers of puncta are also observed even under normal conditions. Therefore, "percentage of cells with GFP-LC3 puncta" is not an appropriate indicator; if so, results should then be expressed as the "percentage of cells with more than a certain number of puncta." In general, it is preferable to quantify the "average number of GFP-LC3 puncta per cell" in all cells in the population under evaluation. A second potential pitfall with the detection of LC3 or GFP-LC3 punctate structures as a method to monitor autophagosome numbers is the observation that GFP-LC3, and probably even endogenous LC3, can be easily aggregated if overexpressed or coexpressed with other aggregate-prone proteins. GFP-LC3 aggregates are often indistinguishable by fluorescence microscopy from true autophagosomes. However, certain precautions can be exercised to reduce the possibility of GFP-LC3 aggregation. The use of stable GFP-LC3 transformants is highly recommended, so that one can select clones that express appropriate levels of GFP-LC3 without artificial aggregation. When the GFP-LC3 construct is used in transient transfection experiments, caution should be exercised to avoid high levels of expression that result in artificial aggregation. The GFP-LC3 labeling method has been successfully applied to in vivo mammalian autophagy research by generating transgenic GFP-LC3 transgenic mice (which can be obtained at http://www2.brc.riken.jp/lab/animal/detail.cgi?reg_ no=00806), Drosophila, nematodes, plants and zebrafish. In GFP-LC3 transgenic mice, GFP-LC3 is ubiquitously expressed under the control of the CAG promoter, and the accumulation of GFP punctae (which represent autophagosomes) is observed in pancreas. In addition to the systemic GFP-LC3 transgenic mice, tissue-specific transgenic mice expressing GFP-LC3 and mCherry-LC3 have also been generated. These systemic and tissue-specific models have been effectively used to show reductions in autophagosome numbers in mice deficient in autophagy genes. They have also been successfully used to show increases in autophagosome numbers under disease and stress conditions. Thus, the monitoring of GFP-LC3 punctae in GFP-LC3 transgenic mice is a powerful method to assess whether different physiological and pathophysiological stimuli regulate autophagosome numbers in vivo.
1c. Detection of the processed LC3
In addition to its utility in fluorescence microscopy assays, LC3 is also useful in biochemical assays to assess autophagosome numbers. The conversion from endogenous LC3-I to LC3-II can be detected by immunoblotting with antibodies against LC3 (LC3 antibodies from MBL International (ref #PM036), from Nanotools (ref #0261-100/LC3-5H3) or from Santa Cruz (ref # 16756) give satisfactory results when diluted at 1:500 and in TBS/1% BSA buffer). Although the actual molecular weight of LC3-II (the PE conjugated form) is larger than that of LC3-I, LC3-II migrates faster than LC3-I in SDS-PAGE because of extreme hydrophobicity of LC3-II. The amount of LC3-II usually correlates well with the number of autophagosomes (see Figure 2) . However, not all LC3-II is present on autophagic membranes, and, importantly, some population of LC3-II seems to be ectopically generated in an autophagy-independent manner. For example, a significant amount of LC3-II is detectable in FIP200-and Atg14-deficient mouse embryonic fibroblasts, in Beclin 1-deficient embryonic stem cells and in cells with RNA interference (RNAi)-mediated suppression of Beclin 1, Atg13, Atg14, and Vps34, even though autophagosome formation is completely or profoundly inhibited. Therefore, in settings where certain components of the autophagic machinery are genetically or pharmacologically inactivated, it is still possible that autophagy is suppressed even if LC3-II is detected. In such cases, other approaches, including "autophagic flux" assays are required to assess autophagic activity. 
Measuring "autophagic flux"
As discussed above, the accumulation of autophagosomes is not always indicative of autophagy induction and may represent either the increased generation of autophagosomes and/or a block in autophagosomal maturation and the completion of the autophagy pathway. In most experimental settings, it is necessary to distinguish whether autophagosome accumulation is due to autophagy induction or rather a block in downstream steps, by performing "autophagic flux" assays that distinguish between these two possibilities. Several assays are presently available to monitor "autophagic flux" by measuring: a) LC3 turnover, b) levels of autophagic substrates, c) mRFP-GFP-LC3 color change, d) free GFP generated from GFP-LC3, and e) lysosome-dependent long-lived protein degradation.
2a. LC3 turnover
One of the principal methods in current use to measure "autophagic flux" is the monitoring of LC3 turnover, which is based on the observation that LC3-II is degraded in autolysosomes. In fact, in cells treated with lysosomotropic reagents such as ammonium chloride, chloroquine or bafilomycin A1, which inhibit acidification inside the lysosome or inhibit autophagosome-lysosome fusion, or with inhibitors of lysosomal proteases such as E64d and pepstatin A, the degradation of LC3-II is blocked, resulting in the accumulation of LC3-II. Accordingly, the differences in the amount of LC3-II between samples in the presence and absence of lysosomal inhibitors represent the amount of LC3 that is delivered to lysosomes for degradation.
2b. Levels of autophagic substrates
As LC3 is degraded by autophagy, the disappearance of total LC3 is paradoxically a good indicator of autophagic flux. Even the amount of LC3-II, which increases transiently upon induction of autophagy, is decreased after longer periods of autophagy activation. Besides LC3, levels of other autophagy substrates can be used to monitor "autophagic flux". Classically, autophagy was considered to be a random degradation system, but recent studies have revealed that several specific substrates are preferentially degraded by autophagy, of which the best studied example is p62, which is also known as SQSTM1 or sequestome 1. p62 is selectively incorporated into autophagosomes through direct binding to LC3 and is efficiently degraded by autophagy. Thus, the total cellular expression levels of p62 inversely correlate with autophagic activity (see Figure 3) . In numerous studies, the measurement of cellular p62 appears to correlate well with other parameters of "autophagic flux", and overall, this assay seems quite promising (p62 antibodies from Abgent (ref # AP2183b) or from Cell Signaling (ref # 5114S) give satisfactory results when diluted at 1:500 and in TBS/1% BSA buffer). However, p62 as well as LC3, can be transcriptionally regulated during autophagy, which may confound the interpretation of p62 and LC3 levels as indicators of "autophagic flux". 
2c. mRFP-GFP-LC3 color change
Another useful assay to measure "autophagic flux" is based on the concept of lysosomal quenching of GFP in GFP-labeled autophagic substrates such as LC3. GFP is a stably folded protein and relatively resistant to lysosomal proteases. However, the low pH inside the lysosome quenches the fluorescent signal of GFP, which makes it difficult to trace the delivery of GFP-LC3 to lysosomes. Indeed, most GFP-LC3 punctate signals do not colocalize with lysosomes. In contrast, RFP or mCherry exhibits more stable fluorescence in acidic compartments and mRFP-LC3 can readily be detected in autolysosomes. By exploiting the difference in the nature of these two fluorescent proteins (i.e., lysosomal quenching of GFP fluorescence versus lysosomal stability of RFP fluorescence), "autophagic flux" can be morphologically traced with an mRFP-GFP-LC3 tandem construct (mRFP-GFP-LC3 construct can be obtained at http://www.addgene.org).
With this novel construct, autophagosomes and autolysosomes are labeled with yellow (i.e., mRFP and GFP) and red (i.e., mRFP only) signals, respectively. If "autophagic flux" is increased, both yellow and red punctae are increased, however, if autophagosome maturation into autolysosomes is blocked, only yellow punctae are increased without a concomitant increase in red punctae (see Figure 4) . Although this assay can be used as an indicator of "autophagic flux", it does not provide precisely the same information as other flux assays that directly measure endpoints of lysosomal degradation (17) . 
2d. Free GFP generated from GFP-LC3
Although GFP fluorescence is quenched by the acidic pH environment inside the lysosome, GFP is still detectable by immunoblotting and is more stable than the GFP-LC3 fusion protein (which is partially degraded upon reaching the lysosome, resulting in the appearance of a free GFP fragment). Therefore, another assay to measure "autophagic flux" is the detection of the free GFP fragment that is generated by degradation of GFP-LC3 in the autolysosome by immunoblotting with an anti-GFP antibody (anti-GFP antibodies from Abcam or from Invitrogen give satisfactory results) (8, 13 ).
2e. Lysosome-dependent long-lived protein degradation
One of the most traditional methods to evaluate "autophagic flux" is the measurement of bulk degradation of long-lived proteins. In this assay, cells are cultured with isotope-labeled amino acids for a long duration (several hours to several days) to label long-lived proteins, followed by a short incubation period without isotope-labeled amino acids to wash out radiolabeled short-lived proteins, which are primarily degraded by the proteasome. After treatment with an autophagyinducing stimulus, the cellular release of degraded proteins (measured as tricholoracetic acid-soluble radioactivity in the culture supernatant) is quantified. This may be the most quantitative assay, because it provides a precise numerical readout that reflects the fate of all long-lived cellular proteins and avoids the pitfalls associated with measuring a single autophagic substrate. To ensure that one is truly measuring the contribution of "autophagic degradation" (versus other potential pathways that may contribute to longlived protein degradation), it is standard practice to compare degradation rates between samples cultured in the presence or absence of an autophagy inhibitor such as 3-methyladenine) (19, 28, 37, 42 ).
Conclusions
There is no perfect method to measure autophagosome number or to measure "autophagic flux". Accordingly, it should be emphasized that there is no single "gold standard" method to monitor or to modulate autophagic activity. Rather, one should consider the use of several concurrent methods (with nonoverlapping limitations) to accurately assess the status and functions of autophagic activity in any given biological setting.
